In the standard cosmological model, the Universe consists mainly of two invisible substances: vacuum energy with mass density ρv = Λ/(8πG), and cold dark matter (CDM). This model has the virtue of simplicity, enabling straightforward calculation of the formation and evolution of cosmic structure against the backdrop of the Hubble flow. Here we discuss apparent discrepancies with observations on small galactic scales, which ΛCDM must attribute to complexity in the baryon physics of galaxy formation. Yet galaxies exhibit structural scaling relations that evoke simplicity, presenting a clear target for formation models. We use published data to examine the relationship between dynamical components of such relations. Tracers of gravitational potentials dominated by dark matter show a correlation between orbital size, R, and velocity, V , that can be expressed most simply as a characteristic acceleration, a DM ∼ 1 km 2 s −2 pc −1 ≈ 3 × 10 −9 cm s −2 ≈ 0.2c √ Gρv. It remains to be seen whether ΛCDM predicts such behavior.
Introduction
Gravity regulates the Universe's expansion and the growth of its structure. Observations of both phenomena reveal accelerations that cannot be attributed to classical gravitational fields sourced by known particles. The implication is new physics, requiring revision of either the Universe's composition or its laws.
The acceleration of cosmic expansion [1, 2] requires either a new substance that induces gravitational repulsion [3, and references therein] or a modification of general relativity that becomes apparent only on large scales [4] [5] [6] [7] . Galactic rotation curves-or, more generally, large dynamical mass-to-light ratios inferred for collapsed structure on galactic and larger scales [8] [9] [10] [11] [12] [13] [14] [15] -require either a new substance that interacts almost exclusively via gravity [16, and references therein] or a modification of general relativity that becomes apparent only in regions of weak acceleration [17] [18] [19] [20] . 'Dark energy' and 'dark matter' refer generically to the substance-based interpretations. Both categories admit various candidates that can be distinguished usefully in terms of their complexity. The current cosmological paradigm is built on the hypothesis that both substances take extremely simple forms, such that their influence on cosmic evolution can be calculated given the values of a few numbers [21] [22] [23] . In this model, dark energy reduces to a constant massdensity of vacuum, ρ v = Λ/(8πG), effectively exerting negative pressure, P = −ρ v , that makes cosmic acceleration positive. Dark matter reduces to a 'cold', 'collisionless' fluid made of particles for which the absence of thermal free streaming and non-gravitational interaction prompts dissipationless and scale-free hierarchical clustering.
Toward Small Cosmological Scales
The attribution of cosmic acceleration to small but non-zero vacuum energy (ρ v ∼ 7 × 10 −30 g cm −3 ) remains straightforwardly consistent with all available data, including 1) luminosity distances measured to redshifts z < ∼ 1.5 for standard 'candles' like Type-Ia supernovae [24] [25] [26] [27] [28] , 2) angular-diameter distances measured to redshifts z < ∼ 2 for standard 'rulers' like the clustering scale associated with baryon acoustic oscillations [29] [30] [31] [32] [33] [34] [35] [36] , 3) the global geometry and rate of structure growth as inferred from weak gravitational lensing [37, 38] and/or abundances of galaxy clusters detected in optical, X-ray and microwave surveys [39] [40] [41] [42] [43] .
The situation is different for CDM 1 . While many of the same cosmological observations that signal dark energy similarly imply non-baryonic dark matter, astrophysical tests that might distinguish CDM from other viable particle candidates tend to require examination of the smaller scales that characterise gravitationally-collapsed, galactic structure. CDM's simplicity then has practical value, as the absence of a cosmologically relevant scale for CDM clustering enables fast numerical simulations of cosmic structure formation [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] , providing an invaluable tool for visualising and quantifying predictions of the CDM hypothesis in the non-linear regime. Over the past 25 years, ΛCDM simulations have developed rapidly as 1) initial conditions have been tuned to match cosmological parameters measured with ever-increasing precision and 2) numerical resolution has improved in lock step with computational speed.
Results include robust predictions about cosmic structure formation in the limit that dissipative processes are negligible. CDM clustering begins at or below solar-system scales, with gravitational collapse of 'microhalos' of < ∼ 1 Earth mass and size < ∼ 1 astronomical unit [57] . Structure formation then proceeds hierarchically, with larger halos assembled from mergers and accretion of smaller ones [58] [59] [60] , such that the halo of a Milky-Way-like galaxy hosts trillions of subhalos (and sub-subhalos, etc. [61] ). On the largest scales, halos populate thin filaments that join at dense nodes, threading large voids to form a cosmic 'web'. Toward small scales, the abundance of collapsed CDM halos increases exponentially as mass decreases, dN/dM vir ∝ M −1.9 vir [50] . The internal structure of CDM halos is 'universal' in the sense that halos on all scales approximately follow a mass-density profile, ρ NFW (r) = ρ s (r/r s ) −1 [1 + (r/r s )] −2 [46, 47] , specified by two scaling parameters whose correlation reflects dependence of halo concentration on the Universe's critical density at the time of collapse [47] .
So long as dark matter goes unobserved, tests of these predictions require inferences based on observations of luminous structure. An obvious strategy is to consider galaxies as tracers of the abundance and spatial distribution of dark matter halos. Indeed dense redshift surveys [62] [63] [64] [65] reveal a luminous cosmic web that bears striking resemblance to the simulated dark one [66] , indicating good agreement between CDM simulations and observations on large scales. More quantitative comparisons on smaller scales often involve mapping of galaxies with specific observable properties onto halos with particular simulated properties [67] [68] [69] [70] . The simplest scheme, known as 'abundance matching' [71] [72] [73] [74] [75] , assumes that galactic luminosity is a monotonic function of halo mass, enabling unique association of observed galaxies with simulated halos. Such mapping onto a simulated halo population can translate one macroscopic observable (say, the luminosity function of galaxies with L V > ∼ 10 9 L V,⊙ ) into reliable predictions about another ( the spatial distribution of those same galaxies [73, 76] ). Indeed it is now common to use such schemes to study galaxy formation/evolution under the assumption that CDM cosmological simulations accurately portray the underlying dark matter structure.
is sufficient to explain deviations from predictions derived specifically from the small number of simulations considered. But the simplest formulation of the TBTF problem-the mean densities inferred within the central few-hundred pc of the most luminous dSphs are systematically smaller than predicted in CDM simulations-evokes a further discrepancy that can be attributed neither to cosmic variance nor to uncertainty in the Milky Way's mass.
Slope
Specifically, density profiles inferred for galactic dark matter halos tend to have inner slopes that deviate systematically from CDM predictions. Instead of the centrally-divergent 'cusps'-lim r→0 ρ NFW (r) ∝ r −1 -that characterise inner regions of simulated halos, dynamical mass profiles derived from stellar-and gas-dynamical data of dwarf galaxies tend to favor large (∼ 1 kpc) central 'cores' of near-uniform density [111, and references therein] . This 'core/cusp' problem has a long history of contention. Early reports of large, homogeneous dark matter cores, inferred from HI and H-α rotation curves of gas-rich dwarf galaxies [112] [113] [114] and low-surface-brightness galaxies [115] [116] [117] [118] , were scrutinised for biases that might arise from inadequate resolution, centering errors and/or non-circular motions. More recently, the availability of high-resolution, twodimensional velocity fields [119] [120] [121] [122] [123] [124] [125] [126] [127] has largely mitigated such concerns. While cusped density profiles can be fit in some cases [e.g., 128], cored profiles are favored by the vast majority of dark-matter-dominated galactic rotation curves [see, e.g., Figure 7 of reference 127].
Battle lines have shifted recently toward pressure-supported systems, where dynamical inferences about mass distributions must rely on statistical arguments. As a result, conclusions vary widely. For example, reported detections of large dark matter cores in at least some of the Milky Way's dSph satellites [129] [130] [131] [132] are contested by other analyses-often using the same data-that find consistency with cusped profiles [133] [134] [135] [136] . Such disagreements arise from the application of qualitatively different kinds of analysis and inference [for recent reviews, see references 135, 137, 138] , which obviously vary in terms of reliability and sensitivity to features in the data. Since it is difficult to say a priori which method is most appropriate in a given situation, the current state of disharmony demands participation in 'data challenges' similar to those regularly conducted in the gravitational lensing community [139] [140] [141] . That is, dynamical modelers must compare the relative biases and sensitivities of various methods by applying them to common sets of artificial data sets that include realistic violations of idealised modeling assumptions 1 . Stakes are high, as the presence of dark matter cores in the Milky Way's dwarf satellites would mean that all three problems discussed above occur on the same scale, placing multiple and perhaps irreconcilable demands on the energetics of possible solutions [142] [143] [144] [145] .
At the upper end of the mass spectrum, inferences about inner density profiles of relaxed galaxy clusters benefit from availability of independent dynamical probes: stellar and galactic kinematics, X-ray temperature maps and strong as well as weak gravitational lensing. Given this leverage, the primary uncertainty is not necessarily inference of the central dynamical mass distribution, but is often domination of the dynamical mass by the contribution from stars in the brightest cluster galaxy (BCG). Estimation of the dark matter density profile then requires careful subtraction of the BCG's stellar mass profile, which itself is measured only indirectly. Nevertheless, such estimates have become feasible given rapid progress in modeling of stellar populations and their mass functions in massive, elliptical galaxies [146] [147] [148] [149] . Recent estimates that combine constraints from resolved stellar kinematics, strong and weak lensing suggest that while the total density profiles of relaxed clusters are consistent with cusped CDM halos, the (v ∼ 175 km s −1 [104] ) measured for the Leo I dSph, which have long implied a large Milky Way mass if Leo I is bound [105] [106] [107] [108] . Incorporating recent measurements of Leo I's proper motion [109] , comparisons to CDM simulations indicate Leo I is likely to be bound if the Milky Way has mass M vir > ∼ 10 12 M ⊙ [110] . 1 The first such comparisons are underway, having commenced with the Gaia Challenge workshop held August 2013 in Surrey, UK; see http://astrowiki.ph.surrey.ac.uk/dokuwiki/doku.php. subdominant contributions from dark matter are significantly shallower near halo centers [150- 153, see also [154] ], consistent with cores of size ∼ 10 kpc [155] .
Discs of Satellites?
Finally, there is mounting evidence that the Milky Way's and Andromeda's dwarf satellite populations do not have the isotropic spatial configuration that one might, perhaps naively, expect for CDM subhalos based on late snapshots of simulated Galactic analogs. In particular, a recent analysis of the positions and line-of-sight velocities of Andromeda's ∼ 30 known dSphs concludes that approximately half are co-rotating within a plane of diameter ∼ 400 kpc and thickness ∼ 20 kpc [156, 157] . Although limited by the incomplete coverage of completed sky surveys, there is evidence for similar anisotropy among the Milky Way's satellites [158, 159] . These discoveries have generated ongoing debate about whether such configurations are feasible within the CDM framework-perhaps the result of subhalo accretion along filaments [160] [161] [162] and/or in groups [163, 164] -or whether instead they imply that the satellites formed from gas ejected during tidal disruption events [165] . Most recently, a search for planar structures of subhalos in a largevolume CDM simulation finds that such structures, while not long-lived, are also not uncommon [166] .
Complexity
The missing-satellites, TBTF and core/cusp problems have motivated suggestions that the dark matter model may require additional complexity that would naturally give rise to the smallscale clustering limits inferred for real galaxies. For example, particles of sufficiently low mass (bounded at m χ > ∼ 3 keV by high-redshift clustering observed in the Lyman-α forest; [167] [168] [169] ) can decouple from photons at near-relativistic velocity dispersions in the early Universe, letting them travel relatively large distances before falling into gravitational potential wells. Models based on such 'warm' dark matter (WDM) introduce minimum clustering scales in terms of length and mass, plausibly solving the missing-satellites problem by truncating the halo mass function on the same scales as the observed galaxy luminosity function [170] [171] [172] . Alternatively, particles that interact with each other via a 'Yukawa-like' coupling [173] can efficiently self-scatter out of high-density regions. Such 'self-interacting' dark matter (SIDM) models can naturally flatten density profiles near the centers of individual dark matter subhalos, thereby giving plausible solutions to the core/cusp and TBTF problems [173] [174] [175] [176] [177] . Interestingly, neither WDM nor SIDM alone seem able to solve all of CDM's small-scale problems simultaneously: viable WDM models would truncate the subhalo mass function without appreciably altering the internal structure of individual halos [178, 179] ; conversely, viable SIDM models would alter the internal structure of individual halos without truncating the subhalo mass function [180] . It is therefore tempting to propose even further complexity of the dark matter model by invoking a mixture of CDM, WDM and/or SIDM components [181] .
Even so, there remain viable solutions that invoke greater complexity without putting it into the dark matter model. The small-scale problems in Section 3 seem to indicate a genuine problem with the basic assumption underpinning all dissipationless CDM cosmological simulationsnamely, that structure formation is dominated by gravitational interactions among standard CDM particles. Maybe the problem is indeed CDM, but concluding so would require first knowing that CDM clustering is unaffected by the baryon-driven processes that get neglected (by definition) in dissipationless simulations-i.e., that gas cooling and inflows, disk formation, stellar winds, radiation pressure, supernova explosions and subsequent outflows all have negligible impact on the abundance and internal structure of low-mass dark matter subhalos.
Many recent hydrodynamical simulations suggest the opposite. For example, CDM halos contract adiabatically as cooling gas slowly sinks toward the center [182, 183] . More importantly for low-mass halos, if sufficiently strong winds expel gas rapidly-and, for greater effect, repeatedlyfrom the center of a CDM halo, the result can be a gradual flattening of the central cusp 1 [e.g., 143, [185] [186] [187] [188] [189] [190] . Lowered binding energies would then render newly-cored CDM subhalos more susceptible to tidal disruption in the vicinity of a parent halo [143, 191] , offering a handy mechanism for reducing the abudance of galaxy-hosting CDM subhalos around a Milky Way-like galaxy [192] . Thus the inclusion of realistic baryon physics in cosmological simulations might modify CDM 'predictions' of both the abundance and internal structure of low-mass galaxies, raising the possibility of preserving CDM's simplicity by shifting needed complexity from the dark matter model onto the broader model for galaxy formation. Indeed, state-of-the-art codes for incorporating baryon physics into N-body simulations are currently being used systematically to explore effects of varying the many free parameters available for implementing processes associated with star formation, winds and active galactic nuclei [193] [194] [195] . Ultimately, testability of the CDM hypothesis will depend on the ability of such simulations to elicit robust predictions for visible galactic structure.
Simplicity
However complicated galaxy formation may be, the outcome is a universe in which the sizes and internal velocities of galaxies scale simply and predictably with luminosity [196] [197] [198] [199] [200] , metallicity [201] [202] [203] [204] and gas fraction [205] . For example, the maximum rotational velocities of spiral galaxies correlate strongly with luminosity [197] , a relation that becomes even tighter if luminosity is replaced with baryonic mass [206, 207] . In the 3-D space defined by axes of size, R, surface brightness, Σ, and velocity dispersion, σ, pressure-supported galaxies populate a 'fundamental plane'-R ∝ σ α Σ β , with α ∼ 1.5 and β ∼ −0.75 [199, 200, 208] . 'Tilt' with respect to the virial relation (α = 2, β = −1) correlates with observables, thereby enabling empirical calibration of a 'fundamental manifold' relation that can accommodate all spheroids ranging from globular clusters to galaxy clusters [209] [210] [211] .
Such correlations of dynamical and baryonic properties carry information about the astrophysics of galaxy formation, of which dark matter is but one component. In the interest of isolating dark matter phenomenology, Figure 1 depicts the relationship between purely dynamical components of galactic scaling relations, using data we have gathered from the literature (see Appendix for details). For rotationally-supported galaxies, Figure 1 plots measurements of orbital velocity, V , versus orbital radius, R, including resolved stellar and cold-gas rotation curves containing between 1 -70 independent measurements per galaxy. For pressure-supported spheroids, the plotted quantities are velocity dispersion and effective radius (the radius of the circle that encloses half of the tracers as projected on the sky). Colours indicate estimates of baryon fractions, f b ≡ M b /M dyn , where the baryonic mass can include contributions from stellar and gaseous components, and the dynamical mass is M dyn ≡ RV 2 /G.
Larger systems tend to have larger internal velocities, but for a given size, velocity increases systematically with baryon fraction. These dependences are such that if we focus on the darkmatter-dominated regime and consider only data points with baryon fractions smaller than the cosmic one-i.e., f b < ∼ 0.15, thereby excluding all globular clusters and luminous ellipticals and including most dwarf galaxies, low-surface-brightness galaxies, outer regions of spiral galaxies, and galaxy clusters-we recover the scaling V 2 ∝ R, about which rms deviation is ∼ 0.2 dex. This dependence can be represented by a single quantity that has units of acceleration: Figure 1 ). and mass/concentration adopted from the Bolshoi cosmological simulation [54] . Small black points in right-hand panel indicate contributions of dark matter to resolved rotation curves of spiral galaxies [212] (i.e., after subtracting estimated contributions of stars and gas; [212] ). Red dashes mark a line of constant acceleration, a DM ∼ 1 km 2 s −2 pc −1 , about which the blue points scatter with rms deviation ∼ 0.2 dex.
The same scaling has previously been identified for the contribution of dark matter to the rotation curves at intermediate radii of spiral galaxies (small black points in right-hand panels of figure 1; [212] ), and subsequently extended to include Milky Way dSphs [213] , thereby generalising earlier claims about common dark matter properties among dSphs [98, 214, 215] . More recently, a kinematic study of Andromeda's dSph satellites finds an offset toward smaller velocity dispersion at fixed size [216] ; however, this offset is driven primarily by three (from a population of 25) low outliers (visible in Figure 1 at log 10 [R/pc] ∼ 3) that are suspected of having migrated downward due to tidal disruption [216, 217] . Figure 1 suggests that the relation stretches the other way too, to include galaxy clusters (see Appendix A.6) and thereby to span ∼ 5 orders of magnitude in R.
A 'characteristic acceleration' can incorporate previous conclusions that galactic dark matter halos have a characteristic surface density. Specifically, for spiral and dSph galaxies spanning ∼ 5 orders of magnitude in luminosity, fits of cored halo profiles to rotation curves and velocity dispersion profiles reveal an anti-correlation among core radius, r c , and core density, ρ c , such that inferred surface densities maintain a common value: Σ DM ≡ r c ρ c ∼ 150M ⊙ pc −2 [218] [219] [220] [221] [222] [223] . Via the conversion Σ DM ∼ a DM /G, such a characteristic surface density is equivalent to a characteristic acceleration. However, while acceleration is a straightforward combination of observables, surface density refers to a mass distribution that must, in some intermediate step, be inferred from those observables under a particular dynamical model. Thus the alternative characterisation in terms of acceleration provides a more economical and robust representation of what is likely the same phenomenon.
Of course, there is already an acceleration scale known to be associated with dark matter phenomenology. Galactic rotation curves reveal that dynamical mass systematically exceeds baryonic mass, M b , at galactic radii where GM b /R 2 < ∼ a 0 , with a 0 ∼ 10 −8 cm s −2 [15] . This is the behavior that motivates the alternative paradigm of Modified Newtonian Dynamics (MOND), under which the acceleration of a test particle becomes g = GM b a 0 /R 2 in the limit that GM b /R 2 ≪ a 0 [17] . Without invoking dark matter, MOND translates observed distributions of luminous matter into reliable predictions for the amplitudes and shapes of galactic rotation curves and several more otherwise-unrelated scaling relations [for reviews, see 224, 225] . However, MOND fares relatively poorly in galaxy clusters, where it tends to require non-baryonic dark matter 1 in order to account for X-ray and lensing observations [227] [228] [229] . Most relevant for the relationship shown in Figure 1 , MOND implies that the dark matter halos inferred under Newtonian gravity have a maximum internal acceleration, a max ∼ 0.3a 0 [230] , which takes the same value as the acceleration we have called a DM . In the right-hand panel of Figure 1 , the only (marginally) significant outlier with V 2 /R > a DM is the galaxy cluster Abell 957 [231] , with log 10 [V 2 /R/(km 2 s −2 pc −1 )] = 0.6 ± 0.3. Regardless of MOND's status, galactic-dynamical data show evidence for an acceleration scale related to dark matter.
The ability of ΛCDM to explain the apparent simplicity of galactic structure is largely to be determined, pending outcomes of current efforts focused on identifying, understanding and simulating relevant baryon-physical processes [193] [194] [195] 232] . Nevertheless, many investigators have already shown, working within a ΛCDM context, that particular sets of assumptions about and/or treatments of dissipative processes can broadly reproduce the trends encapsulated by galactic scaling relations [e.g., 194, [233] [234] [235] [236] [237] . The rapid progress of such work strongly motivates efforts to settle observational controversies about internal structure of the smallest dwarf galaxies (Section 3.3), which necessarily represent a boundary condition on the baryon physics of galaxy formation. The ultimate test will be whether future simulations can reproduce galactic scaling relations while simultaneously giving accurate predictions regarding the abundances and internal structures observed for the smallest and least luminous dwarf galaxies.
Is the Universe Simpler than ΛCDM?
We have examined the ΛCDM cosmological model in terms of its simplicity. The model combines the simplest substance-based interpretations of cosmic acceleration and galactic dynamics. It is calculable, enabling robust predictions about the growth of structure in a universe dominated by vacuum energy and cold dark matter. Thus far its simplicity is largely supported by agreement with observations on perhaps all but the smallest ( < ∼ 10 kpc) cosmic scales, where alternative particle models are competing with CDM to explain galactic structure. The CDM version seems to require that structure formation is not entirely dominated by dark components, but rather is subject to the complexities introduced by the dissipative, explosive and difficult-to-simulate physics of baryons.
On the same scales where CDM must invoke this complexity, galaxies exhibit simplicity. Their dynamical properties relate to their luminous properties such that the most reliable predictions often come not from simulations, but from other observations! For gravitational potentials dominated by dark matter, a 'characteristic acceleration' seems to encode a relationship between orbital size and velocity, the two observables used to infer the existence of galactic dark matter. Its value is a DM ∼ 0.2c √ Gρ v , perhaps helping to motivate efforts to connect the phenomena attributed to dark energy and dark matter. Ironically, theoretical efforts along these lines have often turned out to be quite complicated, so in that sense the answer to the title question is a resounding 'No'. On the other hand, a satisfactory model of the invisible must account for the structural regularities that we can see, and this remains the primary challenge facing ΛCDM. Figure 1 shows structural and kinematic data adopted from the literature and restricted to low redshift, z < ∼ 0.1. Here we identify the adopted data sets and describe how we derive from each consistent estimates of characteristic radii, velocities and baryon fractions. We estimate baryon fractions, f b ≡ M b /M dyn , using available estimates of baryonic masses (i.e., stellar plus gas masses) and define dynamical mass as M dyn ≡ RV 2 /G. For rotationally-supported spiral and low-surface-brightness galaxies, we adopt measurements of R and V directly from resolved rotation curves. For pressure-supported systems, we equate R with effective radius (radius of the circle that encloses half of the tracers as viewed in projection), and we equate V with √ 3σ, where σ is the line-of-sight velocity dispersion. In cases where estimation of f b requires conversion of stellar luminosity to stellar mass, for simplicity we assume stellar mass-to-light ratios Υ * = 1 in solar units in all bands. In some cases, particularly for compact pressure-supported systems, the crudeness of these definitions results in unphysical estimates f b > 1 (these objects are plotted in figure 1 as though they have f b = 1); however, the affected objects (globular clusters, ultra-compact dwarf galaxies and luminous elliptical galaxies) are clearly baryon-dominated and therefore not relevant to conclusions about dark-matter dominated potentials.
A.1. Globular Clusters and Ultra-Compact Dwarf Galaxies
For Galactic globular clusters, we adopt measurements of effective radii, R h , V-band luminosities, L V , and central stellar velocity dispersions, σ 0 from the catalog of W. Harris [238] (2010 edition, including measurements of velocity dispersions [239, 240] . For M31 globular clusters, we adopt measurements of the same quantities from the survey published by J. Strader et al. [241] We supplement these data sets with additional data for compact stellar systems-globular clusters and ultra-compact dwarf galaxies (UCDs)-using the compilation of Mieske et al. [242] Included objects are the large globular cluster G1 in M31 [243] , globular clusters in the giant elliptical galaxy NGC 5198 (Centaurus A, [244] ), globular clusters and ultra-compact dwarf galaxies (UCDs) in the Virgo cluster [245, 246] , and UCDs in the Fornax cluster [242, 247] . Figure 1 plots V = √ 3σ 0 against R = R h . 0.5 < ∼ f b < ∼ 70, with median value of 3.
A.2. Dwarf Spheroidal Galaxies
For the 48 Local Group dwarf spheroidal (dSph) galaxies that have stellar-kinematic measurements, we adopt the halflight radii, R h , V-band luminosities, and global velocity dispersions, σ, tabulated in the recent review by McConnachie [248] . For twelve of M31's dSph satellites (And I, III, V, VII, IX, X, XIII, XIV, XV, XVI, XVII, XXI), we replace the velocity dispersions with more recent measurements [249, 250] . Figure 1 plots V = √ 3σ against R = R h . We estimate baryon masses as M b = L V Υ * assuming Υ * = 1, which gives baryon fractions 3 × 10 −4 < ∼ f b < ∼ 0.6, with median value 0.03. We obtain f b < 0.15 for 40 of the 48 dSphs.
For the Galactic dSphs Fornax and Sculptor, we include structural/kinematic parameters estimated for the overall stellar population as well as the parameters recently estimated for two chemo-dynamically distinct stellar sub-populations [129] . For both galaxies we estimate f b ∼ 0.4 for the inner sub-population and f b < ∼ 0.1 for the outer sub-population.
A.3. Low Surface Brightness Galaxies
We consider data for the nine low surface brightness galaxies (LSBs; UGC 4325, F563-V2, F563-1, DDO 64, F568-3, UGC 5750, F583-4 and F583-1) that have mass models presented in the second part of Table 3 from R. Kuzio de Naray et al. [125] Specifically, figure 1 plots the same rotation curves plotted by Walker et al. [213] . These velocities have been corrected for pressure support (typically ∼ 8 km s −1 ), which generally has negligible effect. The data include estimates of baryonic contributions,
, to the rotation curves. Here, V 2 HI (R) = GM HI (R)/R is the rotation velocity due to the enclosed mass of neutral hydrogen and V 2 * (R) = GM * (R)/R = GL(R)Υ * /R is the rotation velocity due to the enclosed mass of stars, with L(R) the enclosed stellar luminosity and Υ * the stellar mass-to-light ratio (assumed to be inedependent of radius). The mass of neutral hydrogen is estimated directly from the HI data. The stellar luminosity is estimated from the (optical) surface brightness profile, and the stellar mass-to-light ratios are either adopted from previous work [251] or derived from stellar-population-synthesis models [125] . We use only data with r ≥ 1 kpc because systematic uncertainties dominate deconvolution of rotation curves at smaller radii [212] . Taking M b (R) = M HI (R) + M * (R), we estimate baryon fractions at each point in each rotation curve. We obtain 0.05 < ∼ f b < ∼ 0.9, with median value 0.25. We obtain f b < 0.15 for 36 of the 162 resolved measurements.
We also include data for seven LSBs (DDO 154, DDO 53, HoI, HoII, IC2574, M81dwB, NGC 2366) observed for the THINGS survey [127] (rotation curve data were generously provided by Se Heon Oh, private communication). These data include resolved rotation curves with ∼ 10 − 100 independent measurements per galaxy. As with the LSB sample of [125] , we use only data with r ≥ 1 kpc. We obtain 0.09 < ∼ f b < ∼ 0.8, with median value 0.3; 9 of 248 resolved measurements have f b < 0.15.
A.4. Spiral Galaxies
For spiral galaxies, we adopt the rotation curves published by McGaugh et al. [212] 1 . The data consist of HI rotation curves [224] , trimmed for quality to a formal accuracy of 5% or better [252] , and restricted to radii larger than R ≥ 1 kpc because systematic uncertainties (e.g., noncircular motions, beam smearing) dominate the deconvolution of rotation curves at smaller radii. The final sample contains 696 independent, resolved rotation velocity measurements for 60 galaxies, spanning radii 1 < ∼ R < ∼ 75 kpc. This sample covers virtually the entire range of spiral properties, including circular velocities 50 < ∼ V f < ∼ 300 km s −1 , disk scale radii 0.5 < ∼ r d < ∼ 13 kpc, baryonic masses 3 × 10 8 < M b < 4 × 10 11 M ⊙ , central surface brightnesses 19.6 < ∼ µ 0,b < ∼ 24.2 mag arcsec 2 , and gas fractions 0.07 < ∼ f g < ∼ 0.95.
The data for spirals include estimates of contributions to the rotation curves from stellar (bulge, disk) and HI components. For the component due to stellar mass, we adopt the value of Υ * that obtained by fitting the rotation curve with modified Newtonian dynamics (MOND [17, 224] ); these estimates of Υ * generally stand in excellent agreement with population synthesis models [15, 253] . Taking M b (r) = M HI (R) + M * (R), we estimate baryon fractions ranging from 0.09 < ∼ f b < ∼ 0.97, with median value 0.4; 41 of 696 resolved measurements have f b < 0.15. In order to compare to results for objects that are intrinsically dominated by dark matter, black points in the right-hand panels of figure 1 indicate estimates of the contribution of dark matter to these rotation curves [212] :
A.5. Elliptical Galaxies
We consider the stellar-kinematic data taken with the SAURON integrated-field spectrograph for the SAURON and ATLAS 3D surveys [254] [255] [256] [257] , which provide a complete sample of 260 early-type galaxies out to a distance of ∼ 50 Mpc. We adopt tabulated values [257] of galaxy distances, r-band effective radii R e , r-band luminosities, L r , and stellar mass-to-light ratios, Υ * , and velocity dispersions σ e measured interior to R e . Figure 1 plots R = R e versus V = √ 3σ e . Estimating baryonic masses as M b = M * = L r Υ * , we obtain 0.9 < ∼ f b < ∼ 3, with median value 1.7.
The most useful tracers of gravitational potentials at large radii in giant elliptical galaxies tend not to be stars, but rather globular clusters [258] [259] [260] [261] [262] [263] [264] [265] [266] [267] and/or planetary nebulae ('PNe', [268] [269] [270] [271] [272] [273] . While both types of tracer enable estimates of scale radii and velocity dispersions, estimation of the relevant baryon fractions is complicated by uncertain stellar mass-to-light ratios and, in many cases, the additional contribution from ionized gas.
For the present study, we adopt kinematic data for PNe taken with the Planetary Nebula Spectrograph [268] . Specifically, for six S0 galaxies we adopt K-band luminosities, L K,disk and L K,sph , for stellar disk and spheroid components respectively, effective radii R e of spheroidal components, and velocity dispersions, σ sph , estimated for the spheroidal component using velocity measurements for hundreds of individual PNe [274] . The spatial distribution of PNe extends to several R e and approximately traces the spatial distribution of stars in the spheroidal component [275] . For each of the six galaxies, figure 1 plots R = R e versus V = σ sph . Assuming K-band stellar mass-to-light ratios of Υ * ,K = 1 in solar units and estimating baryonic masses as M b = M * = (L K,disk + L K,sph )Υ * , we obtain 3 < ∼ f b < ∼ 25, with median value 7.
We add PNe kinematic data for another 6 early-type galaxies observed with the Planetary Nebula Spectrograph, along with previously published PNe kinematics for an additional 10 earlytype galaxies compiled by Coccato et al. [263, 269, 272, [276] [277] [278] [279] [280] [281] [282] [283] . We adopt B-band luminosities, L B , effective radii, R e , and the RMS velocity, V rms , measured within R e from > ∼ 100 PNe in each galaxy [272] . For each of these 16 galaxies, figure 1 plots R = R e versus V = V rms . Estimating baryonic masses as M b = M * = (L B Υ * and assuming Υ * = 1, we obtain 0.5 < ∼ f b < ∼ 16, with median value 0.7.
A.6. Galaxy Clusters
We adopt SDSS spectroscopic velocities for thousands of galaxies projected along lines of sight to the 74 X-ray-selected (flux f X > ∼ 3 × 10 −12 erg s −1 cm −2 ) galaxy clusters at low redshift (z < ∼ 0.1), previously studied for the Cluster Infall Regions in the Sloan Digital Sky Survey (CIRS) sample [231] . For most of the CIRS clusters, the SDSS Main Galaxy Survey is ∼ 90% complete to a spectroscopic limit of r ∼ 17.8. For each cluster, Rines et al. [231] apply the 'caustic' technique [284, 285] to projected phase-space data in order 1) to identify the cluster's center of gravity (finding a median difference of 109 h −1 kpc with respect to X-ray centers), 2) to estimate escape velocity as a function of radius, 3) to identify gravitationally bound members and 4) to recover cluster mass profiles at large (several Mpc) radius even when the usual assumptions of hydrostatic equilibrium are not valid. It has previously been shown [286] that these estimates agree well with independent measurements derived from weak lensing [287] [288] [289] [290] [291] [292] .
The homogeneity and spectroscopic completeness (to a useful limiting magnitude) of the SDSS catalog provides the rare opportunity to estimate directly a spatial scale for the galaxy population within a galaxy cluster. For each cluster, we adopt estimates of line-of-sight velocity dispersion, σ g , from bound galactic members [231] , as well as the projected radius to which the SDSS spectroscopic survey provides complete spatial coverage. Using CIRS catalog, generously provided by Ken Rines (private communication), we identify 32 clusters for which all spectroscopically-confirmed, bound galactic members lie inside the radius of complete spatial coverage. Considering only these clusters, we estimate the projected 'half-galaxy' radius, R g , as the median projected radius of bound galactic members. Figure 1 plots R = R g versus V = √ 3σ g . We assume all cluster potentials are dominated by dark matter, i.e., f b < ∼ 0.15.
